One contribution of 12 to a discussion meeting issue 'Feedbacks on climate in the Earth system' . 
Introduction
Much effort has been devoted to improving our understanding of climate, and how it might change with increasing concentrations of greenhouse gases in the atmosphere. Some critics have suggested that this effort might not represent good value for money [1] . Here, I use PAGE09, a probabilistic integrated assessment model, to calculate the value of better information about one aspect of climate, the transient climate response (TCR). This parameter describes the rise in global mean temperature that would be caused at the end of 70 years by a 1% per year increase in the concentration of CO 2 in the atmosphere, at the time the concentration doubled. It has been shown in earlier work with the PAGE09 model to be the physical parameter that has the most influence in determining our uncertainty about the impacts of climate change [2] . The traditional range for this parameter is between 1 • C and 2.8 • C [3] . Systematic biases and
The optimization is performed under uncertainty with the genetic algorithm-based RiskOptimizer from [15] . The optimal combination of emissions is found from 1000 simulations, each of 1000 iterations. A simulation of 400 000 iterations is then performed to reduce the standard error of the estimate of the mean net present value from this optimal emission path. Figure 1 shows the optimal global emissions of CO 2 from PAGE09 if no new information is received about the TCR, and if the new information is received at a later date, in this case in time to re-optimize emissions by 2020. If no new information about the TCR is received, our knowledge is assumed to be represented throughout by a triangular probability distribution, with a minimum of 1.0 • C, a most likely value of 1.3 • C and a maximum value of 2.8 • C. With no new information, the optimal emissions initially fall, as negative cost emission reduction possibilities are taken up, then rise slightly, but then fall to 9% of their year 2010 levels by 2100. These emissions give a mean CO 2 concentration in 2100 of 516 ppm, with a 5-95% range of 481-557 ppm, and a mean global mean temperature in 2100 of 2.9 • C above pre-industrial levels, with a 5-95% range of 1.8-4.6 • C.
Results
With new information, the optimal emissions initially follow the optimal path with no new information, from the base year in the model, 2008, until 2010, but then diverge once the new information is received. In other words, the emissions up to 2010 are calculated assuming that we do not know that new information will be obtained, described as an open-loop strategy by Hanemann [16] . The next analysis year in the model is 2020, and emissions are allowed to diverge from the optimal path with no new information at that date. The model effectively interpolates emissions between 2010 and 2020, so that is how they are shown in figure 1 . If the new information is that the TCR is in the lower part of the range (giving a triangular distribution with minimum 1.0 • C, most likely 1.15 • C, maximum 1.3 • C), the optimal emissions rise more sharply to 2050, and by 2100 are still at 62% of their year 2010 levels. If the TCR is in the middle of the range (minimum 1.15 • C, most likely 1.3 • C, maximum 2.05 • C), the optimal emissions lie slightly above the optimal path with no new information. If the TCR is high (minimum 1.3 • C, most likely 2.05 • C, maximum 2.8 • C), the optimal emissions fall more rapidly, and are below zero by 2100. The three posterior triangular probability distributions for the TCR with new information have to be of this form so that, when appropriately weighted, they coincide with the prior triangular probability distribution, as required for prior-posterior consistency. Figure 2 shows the corresponding emission paths if the new information about the TCR is received later, in time to re-optimize emissions by 2030. All the emission paths follow the 'no new information' path out to 2020, in an open-loop strategy, and diverge thereafter. The next analysis year in the model is 2030, and emissions are allowed to diverge from the optimal path with no new information at that date. The model effectively interpolates emissions between 2020 and 2030, so that is how they are shown in figure 2 . Table 1 shows the mean net present value of the sum of climate change impacts (including the costs of adaptation) and abatement costs for the optimal emission paths if no new information is received, if the new information is received in time to re-optimize emissions by 2020 (as in figure 1 ), and if it is received in time to re-optimize emissions by 2030 (as in figure 2 ). If no new information is received, the mean sum of costs and impacts is $169.53 trillion (year 2005 US$). This is a substantial sum, but well below the mean sum of costs and impacts for the business-as-usual scenario of about $400 trillion [2] .
If the new information about the TCR is received in time to re-optimize emissions by 2020, and the TCR turns out to be high, the mean sum of costs and impacts is $236.31 trillion; if medium, $112.84 trillion; and if low, $52.73 trillion. The sum of costs and impacts is higher with a high sensitivity because impacts will be higher, with much greater possibilities of discontinuities such as the melting of the Greenland and Antarctic ice sheets [17] even with optimized emissions, and vice versa. Of course, this does not mean that the value of better information is negative, as we do not know before getting the better information whether it will say that the TCR is high, medium or low. If the new information about the TCR is received in time to re-optimize emissions by 2030, emission paths can only start to be re-optimized in that analysis year, as shown in figure 2. This delay means that, if the climate sensitivity turns out to be high, the mean sum of costs and impacts is $237.93 trillion; if medium, $112.53 trillion; and if low, $53.50 trillion. Logically, all of these should be slightly higher than if the new information is received in time to re-optimize emissions by 2020, as an extra constraint has been imposed. This is seen if the TCR turns out to be high or low, rather than medium, as a high or a low TCR would prompt larger adjustments in optimal emission paths. If the TCR turns out to be medium, the mean sum of the impacts and costs is the same whether the new information is received in time to re-optimize by 2020 or 2030, to within the resolution of the model. Source: 400 000 PAGE09 model runs.
The weighted average of the mean costs and impacts is $159.27 trillion if the new information is received in time for 2020, and $159.86 trillion if the new information is received in time for 2030 . The weights are 0.083, 0.5 and 0.42 on the high, medium and low TCR, respectively; these weights make the sum of the posterior probability distributions of TCR identical to the prior distribution, as required for consistency.
Subtracting these values from the mean costs and impacts with no new information gives the mean value of the better information about TCR as $ 10.26 
Precision of the results
A simulation of 400 000 iterations gives a standard error of the estimate of the mean net present value with no new information of $0.35 trillion. The standard error of the estimate of the mean net present value with new information is $0.19 trillion, giving a standard deviation for the value of better information of $0.40 trillion. The standard deviation of the drop in the value of better information if it is received in time for 2030 rather than 2020 is $0.57 trillion.
It is impossible to be sure that the genetic algorithm finds the globally optimal set of emissions, but even if this combination is not exactly optimal, it will have a net present value very close to the optimal combination. The 10 best emission combinations have mean net present values within $0.04 trillion of the combination that the genetic algorithm finds to be optimal. Any further uncertainty introduced by the genetic algorithm can safely be assumed to be negligible compared with the uncertainties described above.
The possibility of a future large-scale discontinuity. This is modelled as a linearly increasing probability of a discontinuity that substantially reduces gross world product being triggered as the global mean temperature rises above a threshold. The losses associated with a discontinuity do not all occur immediately, but instead develop with a characteristic lifetime after the discontinuity is triggered.
Abatement of greenhouse gas emissions. In PAGE09, marginal abatement costs (MACs) for each gas in each region are represented by a continuous curve, with an optional possibility of negative costs for small cutbacks, with marginal costs becoming positive for larger cutbacks. The curve is specified by three points, and by two parameters describing the curvature of the MAC curve below and above zero cost, respectively. Table 2 shows the default Base data, Library data and Policy A files from the PAGE09 model used in this paper. They are sufficient for any researcher with access to the PAGE09 model to replicate the results obtained in this paper. 
Appendix B. Full set of default inputs for the calculations
equity-weighted costs 
CP, centrally planned; FSU, former Soviet Union; ME, Middle East; OECD, Organisation for Economic Co-operation and Development; pop, population; ptp, pure time preference; ROE, rest of Europe; SE, South-East.
